Abstract-The microwave plasma-assisted combustion (PAC) of premixed methane/oxygen/argon mixtures was investigated. A U-shaped dual-layer curve of fuel ignition/flame stabilization limit was observed, which shows the effects of the plasma power on the fuel ignition and flame stabilization. The PAC flame images revealed a quasi-stabilized flame region that is located in the gap between the upper (the fuel ignition limit) and lower layers (the flame stabilization limit). Optical emission spectroscopy showed different emission spectral features at the same plasma power but in different up-tunings (increasing the plasma power from low to high) and down-tunings (decreasing the plasma power from high to low) of the plasma power, which suggested that different chemical pathways were involved in these two processes. Cavity ringdown spectroscopy measurements of OH(X) number density outside the combustor showed that the OH(X) number density is on the order of 10 16 molecule cm −3 when the PAC flame was achieved yet zero when the PAC flame was not achieved. It is speculated that the OH(X) radical plays an important role in the flame stabilization in the PAC.
Plasma-Enhanced Ignition and Flame Stabilization
in Microwave Plasma-Assisted Combustion of Premixed Methane/Oxygen/Argon Mixtures structure, increase flame volume, speed, and temperature, and extend the fuel lean flammability limit [2] - [21] . Hong and Uhm [3] and Bang et al. [4] reported a significant temperature increase in the microwave plasmaburner CH 4 flame when compared with temperatures of the microwave plasma plume and the CH 4 fuel-only flame. Hemawan et al. [5] studied the plasma-assisted premixed CH 4 /O 2 flame using a compact microwave reentrant cavity applicator and showed that an addition of 10 W of microwave power into the combustion extended the fuel lean flammability limit by 5%-12% in terms of the fuel equivalence ratio (φ). Stockman et al. [6] measured the combustion properties in a microwave-enhanced flame and the results showed a laminar flame speed increase of up to 20%, a temperature increase of 100-200 K, and an increase in the peak OH-number density. In the study of coupling microwave electromagnetic energy into the reaction zone of a premixed laminar methane-oxygen flame, Rao et al. [7] observed three distinct stages: 1) the electric field enhanced stage; 2) the transition stage; and 3) the full plasma stage, which were also characterized by OH and CO number density profiles measured by 2-D laser-induced fluorescence imaging. Hammack et al. [8] , [9] reported that coupling atmospheric microwave plasma discharge to a premixed methane/air flame increased OH number density up to 50% and combustion temperature up to 40%. Shinohara et al. [10] observed the enhancement of burning velocity in the premixed methane/air burner flame with a microwave power irradiation, but no change in the rotational temperatures of CH and OH. They concluded that the enhancement of the burning velocity is not due to the increase in the gas temperature but can be attributed to the nonequilibrium combustion chemistry driven by energetic electrons [10] , [11] . Michael et al. [12] investigated the addition of pulsed microwave energy to laminar methane/air flame fronts and the results showed that for outwardly propagating methane/air flames, short microwave pulse bursts increased the effective flame speed up to 25% and demonstrated the ability to sustain deflagration fronts at an ultralean equivalence ratio of 0.3 with an energy deposition of 10% of the available thermal energy content of the fuel.
In [13] and [14] , we have reported a new microwave PAC system and we have observed a stretched U-shaped curve of the lowest plasma powers required to ignite the premixed methane/air mixtures and maintain a stable flame at various fuel equivalence ratios. The results showed the effects of the microwave plasma power on fuel/oxidizer mixtures ignition (in short, fuel ignition in the text below) and flame stabilization limit (IFSL) [15] . The stretched U-shaped IFSL curve (minimum ignition/flame stabilization plasma power versus φ) is similar to the minimum ignition energy observed in the electrical spark ignition and the laser-induced spark ignition of methane/air mixtures [22] - [25] . In this paper, we utilize the microwave PAC system to study the PAC of premixed methane/oxygen/argon mixtures. We look at the effects of the plasma on the fuel ignition and flame stabilization individually. We have observed a dual-layer IFSL curve, in which the upper layer is related to the fuel ignition limit and the lower layer is for the flame stabilization limit.
II. EXPERIMENTAL SETUP
The experimental setup consists of a microwave PAC reactor, a gas flow control manifold, and an optical diagnostic system. A schematic of the setup is shown in Fig. 1 . Each of the components is described in the following.
A. Microwave Plasma-Assisted Combustion Reactor
The microwave PAC reactor is made up of an atmospheric pressure microwave plasma cavity and a cross-shaped quartz tube. The microwave plasma cavity was powered by a 2.45-GHz microwave plasma source (AJA International) via a 0.6-m low-loss coaxial cable (LMR-400, Times Microwave Systems). And this type of microwave plasma cavity is often referred to as a microwave plasma surfatron. One arm of the cross-shaped quartz tube was inserted horizontally through the cylindrical plasma cavity to generate a continuous argon plasma jet confined inside the quartz tube. The plasma jet in the quartz tube is diffuse. Diagnostics of this atmospheric microwave-induced plasma jet, including plume shapes, emission spectra, temperatures, plasma power effects, and plasma gases, can be seen in [26] and [27] . The other two arms symmetrically normal to the plasma jet were used to introduce the premixed methane/oxygen/argon mixtures into the system. The plasma jet and the methane/oxygen/argon mixtures met in the joint part of the cross-shaped tube and a diffuse jet-shaped flame was observed emerging out from the forth arm of the cross-shaped tube. A more detailed description of this combustor can be found in [14] .
In the experimental setup, the forward power and the backward power were displayed from the microwave power generator. However, the actual plasma power that was coupled in the plasma was not available because the coupling efficiency of the forward power into the plasma was unknown. Therefore, the plasma power relative to the amount of available power in the combustion is not known, even though the amount of available power in the combustion gases can be readily estimated given the fuel mixture flow rate and fuel equivalence ratio. Under the assumption that the microwave energy was perfectly coupled into the plasma, then the ratio of the plasma power relative to the amount of available power in the combustion gases would be ∼1 at a fuel equivalence ratio of 1.0. The ratio of plasma power over combustion power is an interesting subject to be studied in the future. The main research objective in this paper was to study the roles of plasma in PAC in terms of ignition of fuel mixtures and flame stabilization using an atmospheric microwave plasma-based PAC system, instead of exploration of practical application, e.g., implementation of a PAC device in a combustion system.
B. Gas Flow Control Manifold
The gas flow control manifold consisted of seven flow meters. A pair of identical flow meters was used for the regulation of methane flow rate with a range from 0 to 434 sccm. Another pair of identical flow meters was used for oxygen flow control within the range of 0-340 sccm. A third pair of identical flow meters was used for the argon flow control with a range of 0-1.38 slm and 1 slm = 1000 sccm, and the last one was used to adjust the flow rate of the plasma gas argon in the range of 0-1.78 slm. The purities of argon, oxygen, and methane were 99.999% (Airgas), 99.994% (Airgas), and 99.99% (Airgas), respectively. Argon plasma gas flow rate was set at 0.49 slm. The premixed methane/oxygen/argon mixtures were introduced into the PAC reactor in the way as shown in Fig. 1 .
C. Optical Diagnostic System
The optical diagnostic system consisted of a digital imaging system, a fiber-guided optical emission spectroscopy (OES) system, and a pulsed cavity ringdown spectroscopy (CRDS) system. The digital imaging system was employed for recording plasma and flame structures. OES was used to characterize emissions from the PAC reactor at different locations along the x-axis of the reactor, as shown in Fig. 1 . CRDS was used to measure the absolute number density of the electronic ground state OH radicals. Each of the three optical diagnostic systems was interfaced with an individual computer for simultaneous data collection and monitoring and they are briefly described in the following.
1) Digital Imaging System: Images of the plasma plume and combustion flame were recorded using a digital camera (Sony, FCB-EX78BB) with a time resolution of 100 μs-1 s. The shutter speed was adjusted to optimize the visual effect of the plasma jet and combustion flame images. The operation of the imaging system was controlled by Computer I.
2) Optical Emission Spectroscopy System: Optical emissions were collected perpendicularly to the jet axis using two identical focal lenses ( f = 5.0 cm) and transmitted into a spectrometer (Avantes) via a section of optical fiber. A dual-channel spectrometer housing two gratings of 600 and 1200 grooves mm −1 was separately used to cover a spectral range of 200-660 nm. The resolution of this spectrometer was 0.07 nm at 350 nm. The PAC reactor was mounted on a high precision translation stage, which enabled 1-D spectra acquisition along the x-axis with a spatial resolution of 0.5 mm. The integration time of the spectrometer was adjusted based on emission intensity, ranging from 400 ms to 8 s. The OES system was operated by Computer II, as shown in Fig. 1 .
3) Cavity Ringdown Spectroscopy System: The ringdown cavity was formed using a pair of highly reflective (R = 99.85% at 308 nm) plano-concave mirrors with a cavity length of 71 cm. The PAC flame was placed at the center of the ringdown cavity. The optical axis (z-axis) of the ringdown cavity was perpendicular to the jet axis, as shown in Fig. 1 . The UV laser beam was obtained by frequency doubling (Inrad Autotracker III) the output of a tunable narrow linewidth, dual-grating dye laser (Narrowscan, Radiant), which was pumped by a 20 Hz Nd:YAG laser IFSL curve in the microwave PAC of the premixed methane/oxygen/argon mixtures. The ignition limit (red dot) denotes the lowest plasma power required to ignite the methane/oxygen/argon mixtures at a specific φ. The flame stabilization limit (black star) represents the lowest plasma power needed to sustain a PAC flame at a specific φ. The total flow rate of the premixed methane/oxygen/argon mixtures was 2.0 slm, and the ratio of oxygen to argon was set at 0.21:0.79 for all the fuel equivalence ratios studied.
(Powerlite 8020, Continuum). The minimum scanning step for the dye laser was 0.0005 nm. Single pulse energy at 308 nm was a few microjoules. The cross section of the laser beam in the flame was ∼0.5 mm 2 . The laser beam path lengths inside the flame were estimated from the geometries of the flame images. A detailed description of the CRDS system can be seen elsewhere [28] . The ringdown signal was detected using a photomultiplier tube (R928, Hamamatsu) with a 10-nm bandpass interference filter mounted in front. Ringdown signals were monitored by an oscilloscope (TDS 410A, Tektronix) interfaced with Computer III running a home-developed ringdown software. The ringdown baseline noise averaged over 100 ringdown events was typically 0.5% without the PAC running and 0.8% with the PAC ON. Fig. 2 presents the observed IFSL curve showing the effects of the plasma power on the fuel ignition and the flame stabilization in the PAC of premixed methane/oxygen/argon mixtures. The IFSL curve formed a U-shape similar to the IFSL curve observed in our previous PAC study of premixed methane/air mixtures [15] . However, this IFSL curve has a dual-layer. The upper layer of the IFSL curve (red dot) is referred to as the ignition limit curve since each of the data points in the curve denotes the lowest plasma power required to ignite the premixed methane/oxygen/argon mixtures at a specific φ. This ignition limit curve was obtained by slowly increasing plasma power from plasma's self-sustainable minimum (5 W) to the power at which plasma-assisted fuel ignition was achieved and a stable PAC flame emerged outside the combustor. This increasing tuning of the plasma power (from low to high) is referred to as the up-tuning in the following text. The lower layer of the IFSL curve (black star) is referred to as the flame stabilization limit curve because it represents the lowest plasma power required to sustain a PAC flame. The flame stabilization limit curve was acquired by slowly decreasing plasma power from above the ignition limit to the level at which flame extinction occurs. Correspondingly, this decreasing tuning of the plasma power is defined as the down-tuning.
III. RESULTS AND DISCUSSION

A. Ignition/Flame Stabilization Limit Curve
As shown in Fig. 2 , the IFSL curve is single layer when fuel equivalence ratio falls in the ranges of 0.2-0.6 and 1.3-1.5, which means when the plasma power is above or below these limits (the required minimum plasma powers), the PAC flame will be ignited or extinguished, respectively. However, for the fuel equivalence ratio between 0.7 and 1.2, the IFSL curve separates into two layers. This dual-layer curve suggests that the initial ignition of the fuel mixtures requires a higher plasma power, but once the fuel is ignited, a lower plasma power can maintain the PAC flame.
The region above the ignition limit curve for the fuel equivalence ratio range of 0.2-1.5 is referred to as the stabilized flame region, as indicated in Fig. 2 . For a given plasma power and fuel equivalence ratio in this region, a stable PAC flame can be observed outside the combustor. The region between the ignition limit and the flame stabilization limit is referred to as the quasi-stabilized flame region where the PAC flame is not only sustained but also fairly stable, even though the closer to the ignition limit the relatively more stable will be the PAC flame, and vice versa. The region below the flame stabilization limit is referred to as the no-flame region since no PAC flame was observed in this region.
The presented U-shape of the IFSL curve is a result of the interplay between the thermal energy and the radical input supplied by the plasma [15] . On the left side of the U-shaped IFSL curve (φ = 0.2-0.6), the plasma power required for the fuel ignition and flame stabilization increases with the decrease of φ (e.g., from 0.6 to 0.2). This is due to the fact that combustion of a leaner mixture is more sensitive to heat loss to the surrounding gas [23] . Therefore, in order to compete with the heat loss to the surrounding atmosphere, a higher plasma power is needed as a thermal energy source to compensate for the heat loss, though the radical input from the plasma becomes excessive in this case. On the right side of the U-shaped IFSL curve (φ = 0.7-1.5), the plasma power required for the ignition and flame stabilization increases with the increase of φ (e.g., from 0.7 to 1.5). This is because the ignition and flame stabilization processes are subdued due to a poorly established radical pool resulting from the quenching of the plasma by the additional fuel; consequently, a higher plasma power is needed as a radical input to sustain the radical pool, though as a result the thermal energy input from the plasma is over supplied. Overall, the interplay and the balance between the thermal energy and the radical input from the plasma result in the dip in the middle of the IFSL curve.
Besides the similar shapes between the two layers in the IFSL curve, the overlap in the ranges of φ = 0.2-0.6 and φ = 1.3-1.5 and the separation in the range of φ = 0.7-1.2 are also a result of the interplay and balancing between the thermal energy and the radical input; however, the result is not from the plasma but from the plasma-assisted ignition. When the plasma power reaches the ignition limit, the occurrence of the plasmaassisted ignition contributes extra thermal energy release and radical expansion. The additional thermal energy release and radical expansion allow the PAC flame to be maintained at a relative lower plasma power than the required ignition power, which explains the separation of the flame stabilization limit curve from the fuel ignition limit curve in the fuel equivalence ratio range of 0.7-1.2. However, for the fuel equivalence ratio of 0.2-0.6, the additional thermal energy released from the ignition was relatively small due to the lean fuel equivalence ratio and was insufficient to compete with the heat loss to the surrounding atmosphere, hence the flame stabilization limit is not separated from the fuel ignition limit.
On the other side, for the rich fuel equivalence ratio of 1.3-1.5, the additional thermal energy release from the fuel ignition is much more, but the thermal energy input from the plasma has already been oversupplied. Although the radical expansion from the fuel ignition could lower the flame stabilization limit from the fuel ignition limit proven by the existence of the quasi-stabilized flame region in Fig. 2 , the ratio of the additional radicals from the ignition over the amount of fuel given ([radical addition]/[fuel]) in the rich fuel equivalence ratio of 1.3-1.5 is low because of the fuel abundance, thus the flame stabilization limit does not separate from the fuel ignition limit in this rich fuel range either. Fig. 3 presents the PAC flame images obtained at different plasma powers with a fixed fuel equivalence ratio of 0.7. The argon plasma gas flow rate was 0.49 slm. The camera exposure time was 1/15 s for all the PAC images. Fig. 3(a) and (b) shows the PAC flame images taken in the up-tuning and the downtuning processes, respectively. W u denotes the plasma power in the up-tuning and W d in the down-tuning. According to the IFSL curve presented above, at the fuel equivalence ratio of 0.7, the fuel ignition occurs at the plasma powers of 48 W u , but the flame extinction occurs at a plasma power of 10 W d . When the plasma power increases from 8 to 60 W u with a successive power interval of ∼10 W [ Fig. 3(a) ], PAC flames were not observed at the plasma powers of 8, 20, 30, and 40 W u since they are below the ignition limit, but were observed for the plasma powers at 50 and 60 W u because they are above the ignition limit.
B. Images of the Quasi-Stabilized Flame
However, in the down-tuning, as shown in Fig. 3(b When plasma power decreases from 40 to 20 W d , the plasma jet retreats from the hybrid zone (the joint part of the crossshaped tube) as shown in Fig. 3(b) , and the PAC flame becomes diffuse and less stable as a result of decrease in thermal energy and radical input from the plasma, which further proves the plasma enhancement effect on flame stabilization. With a lower plasma power, e.g., 20 W d in Fig. 3(b) , the separation between the plasma jet tip and the hybrid zone implies that the possible radical input could only be the radicals in electronic ground state. We speculate that the ground state OH(X) plays an important role in the flame stabilization since it has been clearly observed in the downstream of the plasma jet [27] , and further discussion will be given in the following section of CRDS measurements of the electronic ground state OH(X) radicals. Fig. 4 shows the PAC emission spectra obtained in several locations along the combustor at x = 15 mm and x = 16 mm in the downstream of plasma zone and at x = 20 mm and x = 21 mm in the hybrid zone. All emissions were taken with a fuel equivalence ratio of 0.7 at a plasma power of 30 W. Fig. 4(a) denotes the OES collected at the up-tuning 30 W u (no flame since it is below the ignition limit) whereas Fig. 4(b) denotes OES collected at 30 W d in the down-tuning (the flame was on since the plasma power was still above the flame stabilization limit). The OES collected at x = 15 mm and x = 16 mm during the up-tuning [ Fig. 4(a) ] and the downtuning [ Fig. 4(b) ] have the same featured emissions from the OH(A-X) and NH(A-X) electronic systems, and atomic lines from Ar, H α , and H β . The OH radicals were mainly formed by electron impact dissociation of water [e + H 2 O → H + OH(A, X) + e, R(1)] from the impurity of the argon gas. The NH radicals were formed through the recombination of N and H atoms [N + H → NH, R(2)] and through N( 2 D, 2 P) induced dissociation of water [N( 2 D, 2 P) + H 2 O → OH + NH, R(3)] [29] . The emission spectra were in accordance with the typical emission spectra from the atmospheric argon microwave plasma jets in free space characterized in [29] , except the very weak N 2 emissions (too weak to be seen in Fig. 4) .
C. Optical Emission Spectra
The emission spectra collected at x = 20 mm and x = 21 mm in the hybrid zone at the up-tuning plasma power 30 W u [ Fig. 4(a) ] featured with emissions from the OH(A-X), NH(A-X), CH(A-X), and the C 2 Swan band. However, the emission spectra collected at the down-tuning plasma power of 30 W d [Fig. 4(b) ] have emissions only from the OH(A-X) and the NH(A-X), but no emissions from the CH(A-X) and C 2 Swan band. The difference in the emission spectra implies that different chemical pathways were involved. This pattern of the presence of the emissions from the CH(A-X) and the C 2 Swan band in the up-tuning but the absence in the downtuning is very similar to the emission pattern observed in our previous study of PAC of the premixed and nonpremixed methane/air mixtures where in the hybrid zone the CH(A-X) and C 2 Swan band are only present in the nonpremixed PAC but absent in the premixed PAC [15] . The emission spectral pattern in [15] was explained as resulting from the quenching of the CH 2 radicals, the precursor of C 2 , through the reaction with extremely active O radicals [CH 2 + O → H + HCO, R(4)], which are plentiful in the premixed PAC but insufficient in the nonpremixed PAC due to the inadequate mixing. Here, in both the up-tuning and the down-tuning, the methane/oxygen/argon mixtures are well premixed so that the effects from mixing can be ruled out. However, the main difference between the up-tuning [ Fig. 4(a) ] and down-tuning [ Fig. 4(b) ] is that at the up-tuning 30 W u , the fuel was not ignited yet and no flame was observed, as shown in Fig. 3 , whereas at the down-tuning 30 W d , the fuel was ignited and a PAC flame was sustained by plasma, though it is quasi-stabilized. Higher temperatures were also observed in the hybrid zone at the down-tuning plasma power 30 W d as compared with the temperatures at the same locations at the up-tuning plasma power 30 W u . Simulations of the spectra shown in Fig. 4 plasma power 30 W u , even though the temperatures in the plasma zone were relatively stable, e.g., 710 ± 20 K at x = 15 and 16 mm in the two processes at the same plasma power 30 W. With the fuel ignition achieved and the PAC flame on at the down-tuning 30 W d , the combustion of the fuel involves chain propagating and chain branching which result in a surge of OH radicals, as compared with the amount of OH radicals during the up-tuning process. The OH surge was also confirmed from the OH(X) number density measurements at 2 mm outside the combustor nuzzle (see the following section). Therefore, the abundant OH radicals in the hybrid zone at the down-tuning PAC could be responsible for the absence of the emissions from the CH(A-X) and C 2 Swan band as it depletes the CH 2 , precursor for C 2 (d) production. (Fig. 2) ; yet a flame was observed for a plasma power at 60 W u,d (above the ignition limit) and 40, 30, and 20 W d that were above the flame stabilization limit. Since the OH A-X (0-0) R 2 (1) line intensity is sensitive to temperature that affects the line shape, the integrated absorbance has been used to determine OH number density. The absolute number density in the lower rotational energy level of the R 2 (1) transition can be determined from the ringdown measurement using where n is the OH number density in the initial state of the R 2 (1) transition; τ f (v) and τ f 0 (v) are the ringdown times obtained in the PAC flames when the laser wavelength is tuned ON and OFF the absorption peak, respectively; c is the speed of light; and L and l are the ringdown cavity length and the laser beam path length, respectively. S(T ) is the temperaturedependent line intensity and can be calculated using [30] 
D. Cavity Ringdown Spectroscopy Measurements of the Electronic Ground State OH(X) Radicals
where T is the temperature in kelvin, ν is the transition frequency of the OH R 2 (1) line of 32 415.452 cm −1 , N is the total number density (molecule cm −3 ) at pressure P (atm) and temperature T , A v J v J is the Einstein coefficient in s −1 , E is the lower state energy, i.e., 126.449 cm −1 , and Q VR is the vibrational rotational partition function with V and J vibrational and rotational quantum numbers, respectively. In this paper, the temperatures used to calculate the temperature-dependent line intensities S(T ) were determined by the spectra simulations using Specair [31] , [32] . Table I lists the absolute OH(X) number densities measured at 2 mm outside the combustor nozzle with a fuel equivalence ratio φ of 0.7 at different plasma powers. The measurement uncertainty of the OH(X) number densities can be estimated by the measurement errors in the gas temperature and the laser beam path length. The temperature sensitivity of the line intensity of the OH A-X (0-0) R 2 (1) line was approximately 5% per 100 K at 2000 K. The error in determining path lengths from images is on a scale of up to 0.5 mm, which accounts for 25% of the path length of 2 mm. Therefore, the overall maximum uncertainty of the measured OH(X) number densities was ±30%.
At plasma powers of 30 and 40 W u , no OH(X) radical was detected since fuel ignition was not achieved due to the low plasma power (lower than the ignition limit). However, at a plasma power of 60 W u,d , PAC flame was observed and OH(X) radicals were measured with a number density of 1.4 × 10 16 molecule cm −3 . Since OH radical is a flame marker [33] , the surge of OH(X) number density outside the combustor could serve as an indicator for the fuel ignition in this PAC system. As plasma power decreased from 60 W u,d to 40 W d , 30 W d , and 20 W d , the PAC flame was still sustained but became less stable, and the OH(X) number density dropped about 30%, from 1.4 × 10 16 to 1.0 × 10 16 molecule cm −3 . The decrease of OH(X) number density and the loss of PAC flame stability as the plasma power decreases further support the speculation given in previous section that the ground state OH(X) plays an important role in the flame stabilization.
IV. CONCLUSION
PAC of the premixed methane/oxygen/argon mixtures using the microwave argon plasma has been studied. A U-shaped dual-layer IFSL curve showing the effects of the plasma power on the fuel ignition and flame stabilization was observed. The U-shape of the IFSL curve was a result of the interplay between the additional heat source and radical input supplied by the plasma. And the dual layer of the IFSL curve was due to another interplay between the additional heat release and radical expansion from the plasma-assisted ignition of the fuel. Images of the quasi-stabilized flame further demonstrated the gap between the dual layer in the IFSL curve and the existence of the quasi-stabilized flame region. The OES study showed different emission spectral features between the up-tuning and down-tuning at the same plasma power at 30 W, which implied that different chemical reaction pathways were involved. The CRDS measurements of OH(X) number density outside the combustor showed that the OH(X) number density was on the order of 10 16 molecule cm −3 , yet it decreased by about 30% when the plasma power was tuned close to the flame stabilization limit. OH(X) radicals were speculated to play an important role in the flame stabilization in the PAC.
